Whether agr-defective strains are fit for colonization, an important prerequisite for infection, is unknown. Screening by means of assays to detect ␦-hemolysin activity and agr autoinducing peptide production indicated that 15 (ϳ9%) of 160 healthy human subjects were colonized with an agr-defective strain or a mixture of agr-positive and -defective S. aureus strains. The presence of identical agr-defective strains in family members suggests that these strains are transmissible. Additionally, carriage of an agr-defective strain was associated with hospitalization, raising the possibility that such strains may be selected in a nosocomial setting.
promoters; however, the P3 transcript RNAIII is the intracellular effector of target gene regulation. agr mutants are attenuated for virulence in animal models of acute infection, and the majority of clinical isolates are agr positive. However, recent reports show that agr-defective strains can be recovered from patients with a variety of nosocomial infections, suggesting that the occurrence of these strains may be favored under certain in vivo conditions [2] [3] [4] [5] .
In the present work, we have addressed the possibility that agr-defective Staphylococcus aureus may be recovered from colonization sites and infection sites and may therefore participate in the transmission of S. aureus. We used an assay to detect ␦-hemolysin, the translation product of RNAIII, and a plating assay to detect agr autoinducing peptide (AIP) production as screens to estimate the prevalence of agr dysfunction among colonizing S. aureus. Because the anterior nares are the primary site of S. aureus colonization in humans, we obtained and analyzed nasal isolates.
We report here that populations of staphylococci in which agr is wholly or partially defective can be obtained from the nares of healthy individuals. In 2 families, indistinguishable populations with wholly defective agr were obtained from different individuals, suggesting that agr-defective mutants are transmissible and can therefore initiate colonization. The only significant predisposing factor for colonization with an agr-defective strain was prior hospitalization.
Subjects, materials, and methods. A total of 160 colonizing S. aureus isolates were obtained via culture of anterior nares swab specimens from 500 healthy children and their guardians as part of a previous study [6] . Study subjects came from a convenience sample of 212 households that varied in size from 2-5 persons, with 1-4 children and 1 or 2 guardians. Bacteria from the original cultures were suspended in CYGP medium, aliquoted, snap frozen, and stored at Ϫ80°C, thereby preserving diversity in the primary bacterial population.
To screen for agr functionality, a frozen aliquot of each specimen was thawed and inoculated on GL agar. Dilutions of bacteria from this inoculum were plated onto sheep blood agar (SBA) that had previously been spread with a ␤-hemolysin-containing culture supernatant, as described elsewhere [3, 7] . Cultures were provisionally scored as hemolytic, nonhemolytic, or, when 10% hemolytically distinct colonies were present, mixed. At least 100 colonies were scored for each isolate. Colonies were analyzed further by cross-streaking against strain RN4220 for hemolysin production and were tested for agr AIP production [8] . Pure nonhemolytic and AIP-negative isolates were analyzed by Northern blotting to confirm the lack of RNAIII production, as described elsewhere [7] .
Selected isolates were spa typed [9] . agr grouping had been previously determined by polymerase chain reaction (PCR) [10] . Nucleotide sequences were determined for the agrA and agrC genes by PCR and automated DNA sequencing, using published primers [7] . Sequences were compared with the known agr sequences of S. aureus strain COL (agr group I) and RN6607 (agr group II), using a sequence analysis suite (DNAStar).
The Fisher exact test was used to compare frequencies of variables between S. aureus agr-positive and -negative isolates. Crude odds ratios (ORs) and 95% confidence intervals (CIs) were calculated as appropriate. Analysis was done with SAS, version 9.1 (SAS Institute).
Results. Hemolysin production in S. aureus as visualized on SBA can be used to approximate agr activity because ␦-hemolysin is a translation product of RNAIII and because ␣-hemolysin (hla) transcription and translation are up-regulated by RNAIII [2, 3, 5] . By screening for ␦-hemolysin activity, we found that 15 (9%) of 160 colonized subjects harbored only nonhemolytic staphylococci (9 subjects) or mixtures of hemolytic and nonhemolytic organisms (6 subjects) (table 1). There was only 1 methicillinresistant S. aureus (MRSA) isolate in the collection; this isolate was hemolytic. To test for agr activity among pure nonhemolytic cultures, we measured RNAIII by Northern blot hybridization and found that 7 of 9 nonhemolytic strains had no detectable RNAIII or contained only a trace (data not shown). Onset of RNAIII transcription in one of the isolates that produced a significant level of RNAIII (BK3574) was delayed, compared with onset in agr-positive laboratory strain RN6734. This finding was similar to that previously described for the agr-defective strain RN4220 [7] . The other strain (BK3579) showed a normal pattern of RNAIII transcription and was considered agr positive. 
Hemolytic and nonhemolytic
NOTE. AIP, agr autoinducing peptide; C, child; G, guardian; Ϫ, absent; ϩ, present. a Family members from the same household.
An important phenotypic feature of the agr system is the exoprotein profile: agr-positive strains produce many exoproteins that are not produced by agr-negative strains. This difference is particularly informative of agr functionality for comparison of genotypically isogenic agr-positive and agr-negative pairs. Accordingly, we determined the exoprotein profiles of hemolytic and nonhemolytic colonies from mixed cultures and found that protein secretion was reduced in all of the isogenic nonhemolytic variants (not shown), as expected for agr-defective staphylococci. Although an isogenic agr-positive comparator was lacking for BK3574 and BK3579, secretion of proteins in hemolytic colonies but not nonhemolytic colonies was less than that observed in agr-positive control strains. Taken together, these data indicate that natural populations of colonizing S. aureus may contain agr-defective members and that ␦-hemolysin activity is a reasonably specific marker for agr function [7] .
To gain further insight into the basis of agr dysfunction in our ␦-hemolysin-negative isolates, we used a plate assay that uses a biosensor strain to detect agr AIP (agrD) [8] . Ten of 15 isolates produced detectable levels of AIP, possibly owing to basal activity of the agr P2 promoter [3] . Although this assay is not quantitative, the results were consistent with the observation that agr defects in S. aureus and Staphylococcus epidermidis usually result from quorum-sensing deficiency (due to a mutation in agrA or agrC) rather than from quorum-signaling deficiency (due to a mutation in agrB or agrD) [3, 4, 7] .
Correlation of agr function and previous spa typing results showed that 8 (53%) of 15 agr-defective strains were from different genotypic backgrounds; thus, agr dysfunction was not clone specific. Population studies have revealed 4 major alleles of the agr locus that divide S. aureus strains into 4 groups on the basis of AIP activation specificity [11] . In agreement with spa typing results, no significant difference among agr polymorphs was observed with respect to agr function (data are for groups I, II, and III; group IV strains were absent from the set). In all but 1 case, spa typing indicated that hemolytic and nonhemolytic organisms from mixed cultures were congenic (table 1). We suggest that agr-defective strains arise from preexisting agr-positive strains. The reverse is theoretically possible, but as it has never been observed in the laboratory setting (unpublished results), we consider it much less likely.
In the original analysis, subjects were queried for demographic variables as well as for risk factors associated with MRSA carriage [6] . Recent hospitalization (i.e., within the previous 6 months) of a subject or their household cohabitants was the only characteristic that associated significantly with carriage of an agr-defective strain (OR, 4.5; 95% CI, 1.49 -14.29; P ϭ .0081) (table 2); sociodemographic characteristics, incident infection, underlying medical illness, or antimicrobial use were not found to increase the risk of colonization. Two of 10 subjects who had been hospitalized were children with infections who sought care in our hospital, and 1 subject had indirect hospital contact with a sibling who was hospitalized with an infection. Four subjects were newborns at our hospital, and 3 were postpartum mothers. Linkage of these subjects with admission to our hospital suggests the agr-defective strains were acquired nosocomially. However, only 2 strains from these subjects were genotypically related (when accounting for households), suggesting that there exists a genotypically diverse reservoir of agr-defective strains in the hospital. In support of this hypothesis, 4 of 7 clones that colonized subjects with links to our hospital were identified among a comparator group of institutional methicillin-susceptible S. aureus that were genotyped as part of the original study [6] .
Because molecular typing can help reconstruct transmission networks, concordance between the genotypes of S. aureus pairs from household contacts of individuals colonized with agrdefective S. aureus was examined. In 7 instances, an individual with a pure agr-defective nasal culture had a family member who was also colonized with S. aureus. In 2 of these pairs, the isolates were from a child and guardian from the same household who were both colonized by the same agr-defective strain (table 1) , implying intrafamilial transmission.
Nucleotide sequences of the agr genes from each of the 4 intrafamilial agr-defective isolates revealed that the same agr mutations were present in each of the pairs and that these mutations were different between the 2 pairs. Specifically, isolates BK4908 and BK4909 (from the child and guardian, respectively) demonstrated identical adenine insertion mutations (nucleotide position 107 [T37N]) in agrA, resulting in a frameshift. The sequences of agrC and agrA in the second strain pair, BK4266 and BK4267, were also identical; they contained a frameshift in agrC (i.e., deletion of cytosine at position 29 [V41L]), resulting in several premature stop codons. Clinical isolates may not be readily amenable to genetic manipulation, and neither clone was transducible with agrCA-containing plasmids for use in complementation tests. Notably, both of the pairs involved newborns from our hospital (see above), suggesting that the original acquisition of the strain in both cases took place in the hospital. Alternatively, the agr-defective strains could have been passed from one family member to the other after acquisition in the hospital. Discussion. In this report, we show that colonizing isolates of S. aureus can be agr defective and that heterogeneous mixtures of agr-positive and agr-defective organisms may be present. Furthermore, agr dysfunction was not clone specific. Because genotypically indistinguishable strains with concordant agr mutations were found among family members, these strains are evidently fit for transmission; that is, they are not a "dead end" state. Thus, agr functionality is not an absolute prerequisite for the initiation of nasal colonization in humans.
The data also indicate that carriage of an agr-defective strain is unusual in healthy persons (prevalence, ϳ4%) and is associated with hospital exposure, consistent with reports that these strains can be recovered in 15%-60% of S. aureus-associated episodes of infection in hospitals [2, 3, 5] . This finding, which requires further prevalence studies to substantiate, suggests that agr-defective strains may be nosocomially transmitted. A reservoir of nosocomial agrdefective strains has important implications, given the impact of agr functionality on clinical infection outcomes [2, 12] and the potential use of agr quorum-sensing inhibitors under development for the prevention and treatment of S. aureus infection [13] . A critical question is whether the likelihood of causing disease is greater among agr-positive strains than among agr-negative strains that colonize hospitalized persons.
The observations that agr mutations arise in infected patients and in animal models of infection [3, 14] and that they commonly occur in disease-causing organisms but not colonizing isolates in the absence of hospitalization suggest that the occurrence of agr-defective mutations may be favored during infection. Consistent with this hypothesis, S. aureus growth-in vivo or in vitro-involves the metabolic burden of agr activation, which may select for loss of agr function [15] . Future work will extend our observations in healthy subjects to investigate the baseline prevalence and potential source for acquisition of colonization with health care-associated, agr-defective S. aureus.
